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ABSTRACT
Kinematic studies of disk galaxies, using individual stars in the Milky Way or statistical studies
of global disk kinematics over time, provide insight into how disks form and evolve. We use a
high-resolution, cosmological zoom-simulation of a Milky Way-mass disk galaxy (h277) to tie together
local disk kinematics and the evolution of the disk over time. The present-day stellar age-velocity re-
lationship (AVR) of h277 is nearly identical to that of the analogous solar-neighborhood measurement
in the Milky Way. A crucial element of this success is the simulation’s dynamically cold multi-phase
ISM, which allows young stars to form with a low velocity dispersion (σbirth∼ 6 − 8 km s−1) at late
times. Older stars are born kinematically hotter (i.e., the disk settles over time in an “upside-down”
formation scenario), and are subsequently heated after birth. The disk also grows “inside-out”, and
many of the older stars in the solar neighborhood at z = 0 are present because of radial mixing. We
demonstrate that the evolution of σbirth in h277 can be explained by the same model used to describe
the general decrease in velocity dispersion observed in disk galaxies from z ∼ 2− 3 to the present-day,
in which the disk evolves in quasi-stable equilibrium and the ISM velocity dispersion decreases over
time due to a decreasing gas fraction. Thus, our results tie together local observations of the Milky
Way’s AVR with observed kinematics of high z disk galaxies.
1. INTRODUCTION
With the advent of advanced spectroscopic and IFU
surveys, the detailed kinematics and evolution of disk
galaxies are now being studied in unprecedented de-
tail (e.g., MaNGA, SAMI, KMOS3D; Bundy et al. 2015;
Bryant et al. 2015; Wisnioski et al. 2019). Locally, we
can use present-day stellar kinematics to infer the past
evolution of our Milky Way (MW) through Galactic
Archeology, (e.g., Belokurov et al. 2018; Frankel et al.
2018, 2019). At higher redshift, large galaxy surveys
are yielding results on the evolution of populations of
galaxies over time (e.g., see the review by Glazebrook
2013). If the MW (and other local galaxies) kinemati-
cally evolve in a fashion similar to high z galaxies, then
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in principle results from these two epochs should be able
to be explained within the same theoretical framework.
Galaxies in the Local Group show a clear correla-
tion between stellar age and velocity dispersion (Leaman
et al. 2017), e.g., the MW (Casagrande et al. 2011), M31
(Dorman et al. 2015), and M33 (Beasley et al. 2015).
Observations in all of these galaxies show that the ve-
locity dispersion, σ, increases with increasing stellar age.
Locally, young stars are born dynamically cold (e.g.,
Stark & Brand 1989; Kuhn et al. 2019). The classic ex-
planation for this age-velocity relation (AVR) is that it
is an evolutionary sequence: stars have always formed in
dynamically cold gas, but various gravitational scatter-
ing mechanisms steadily increase the random orbital en-
ergy as a stellar population ages. The scattering sources
might be Giant Molecular Clouds (GMCs; e.g., Spitzer
& Schwarzschild 1951; Wielen 1977; Lacey 1984), or spi-
ral arms and bars (e.g., Carlberg & Sellwood 1985; Sell-
wood & Binney 2002; Minchev & Quillen 2006; Rosˇkar
et al. 2008; Loebman et al. 2011; Grand et al. 2016).
An alternative explanation for the origin of the AVR
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is that older stars were born dynamically hotter in the
past, but that the disk “settles” and becomes progres-
sively cooler as the star forming gas cools with time.
The stars might be dynamically hotter in the past due
to a more active galaxy merger phase (Toth & Ostriker
1992; Quinn et al. 1993; Brook et al. 2004; Martig et al.
2014; Hu & Sijacki 2018; Buck et al. 2020) or due to the
fact that gravitational turbulence is higher if the disk is
more gas rich (Bournaud et al. 2009), or due to a higher
star formation rate (SFR; e.g., Lehnert et al. 2014).
The MW presents the best opportunity to infer a de-
tailed understanding of galactic formation. Combining
proper motions and distances from the Gaia survey with
stellar properties from spectroscopic surveys yields full
6-D kinematics for hundreds of thousands of stars in the
MW’s disk along with moderately precise ages (Sanders
& Das 2018). Studies of the MW using these data sug-
gest it is possible to recreate the observed AVR with
dynamical heating of stars alone to ages of ∼ 8 Gyr
(Gustafsson et al. 2016; Yu & Liu 2018; Ting & Rix
2019; Mackereth et al. 2019). However, these results do
not rule out any contribution from disk settling over that
same time-span. In fact, it is clear that steady orbital
heating cannot be solely responsible for the relatively
high velocity dispersion of stars older than 8 Gyr (e.g.,
Lacey 1984; Sellwood 2014; Mackereth et al. 2019).
Observations of rotating disk galaxies out to z ∼ 3
show increasing velocity dispersion with increasing red-
shift, (e.g., Flores et al. 2006; Gnerucci et al. 2011;
Kassin et al. 2012; Wisnioski et al. 2015; Simons et al.
2016; Mieda et al. 2016; Mason et al. 2017). In these
studies, the typical tracer of σ is gas that has been
heated by star formation (e.g., Hα or ionized oxy-
gen; Epinat et al. 2009; Fo¨rster Schreiber et al. 2009;
Lemoine-Busserolle et al. 2010). Notably, molecular and
atomic gas show roughly the same evolution, albeit for
fewer galaxies (e.g., Tacconi et al. 2013; U¨bler et al.
2019). Many of the kinematic measurements at high z
are for galaxies more massive than the MW (especially
at z > 1), yet disk settling has been found even for less-
massive populations (Law et al. 2009; Kassin et al. 2012;
Contini et al. 2016; Hirtenstein et al. 2019).
A number of simulators have examined the origin
of the AVR and/or the formation of galaxy thin/thick
disks. One trend that has become clear is that the re-
sults can be strongly dependent on the star formation
parameters, which are commonly limited by the simu-
lation resolution (House et al. 2011; Martig et al. 2014;
Kumamoto et al. 2017). By definition, higher resolution
simulations can capture higher density gas. As resolu-
tion increases, simulators can restrict star formation to
occur in higher density gas that more closely resembles
GMCs (e.g., Governato et al. 2010; Dutton et al. 2019).
House et al. (2011) showed that the threshold density
for star formation was the dominant parameter in set-
ting the stellar velocity dispersion at birth, σbirth. For
simulations with a low star formation density threshold
(n ∼ 0.1 cm−3) that are unable to resolve cold, dense
gas, a dispersion floor is imposed on σbirth, causing a
number of simulations to have stars that maintain a
steady σbirth over 8-10 Gyr, and with little to no sub-
sequent heating of the stellar populations after birth.
However, with an increase in resolution and star forma-
tion threshold (n ∼ 1 − 5 cm−3), a different result has
emerged: an “Upside-Down” formation in which stars
form with progressively lower σbirth with time (Bird
et al. 2013; Grand et al. 2016). Scattering processes can
subsequently heat the orbits of stars, causing the older
stars to contribute to the AVR in the solar neighbor-
hood (Brook et al. 2012; Bird et al. 2013; Aumer et al.
2016; Grand et al. 2016; Ma et al. 2017).
The resulting AVRs of some simulated galaxies are
very similar in slope and normalization to the MW
AVR. However, the kinematics of the youngest stars are
generally too hot relative to observations (e.g., House
et al. 2011; Rosˇkar et al. 2013; Bird et al. 2013; Martig
et al. 2014; Grand et al. 2016), even when star forma-
tion thresholds with n > 100 cm−3 are achieved (Buck
et al. 2020; Sanderson et al. 2020). In this paper we
present the first cosmological simulation of a MW-mass
disk galaxy that also reproduces the low σbirth deter-
mined for the MW.
Meanwhile, high resolution simulations have sepa-
rately also been used to interpret the observed decline in
σ in disk galaxies with time. In general, a higher σbirth in
the past is well-motivated on theoretical grounds. Sev-
eral groups have found correlations between velocity dis-
persion and star formation fueled by marginal stability
of the disk (e.g., Bournaud & Elmegreen 2009; Krumholz
et al. 2012; Forbes et al. 2014; Benincasa et al. 2016;
Krumholz & Burkhart 2016; Nestingen-Palm et al. 2017;
Orr et al. 2018, 2019a). In this framework, gravitational
instabilities drive turbulent motions, which then nat-
urally regulate galaxies to be marginally stable. This
model predicts a relation between the gas velocity dis-
persion and the surface density of the gas in the galaxy.
When combined with the Schmidt-Kennicutt star for-
mation relation, the gas surface density is also tied to the
star formation rate, (e.g., Green et al. 2014; Leroy et al.
2016; Semenov et al. 2016). If the disk is marginally
stable, and it is assumed that gas (rather than stars)
is the predominant component of the gravitational po-
tential, the higher gas surface densities and gas frac-
tions at higher redshift (e.g., Genzel et al. 2006; Daddi
et al. 2010; Jones et al. 2010; Genzel et al. 2011; Tac-
coni et al. 2013; Glazebrook 2013; Popping et al. 2015;
Krumholz & Burkhart 2016; Stott et al. 2016; Wiklind
et al. 2019) should naturally lead to higher gas veloc-
ity dispersion. For more local galaxies, feedback from
star-formation may also play a critical role in setting a
dynamical “floor” for the star-forming gas (e.g., Agertz
et al. 2009; Faucher-Gigue`re et al. 2013; Stilp et al. 2013;
Semenov et al. 2018; Orr et al. 2019a,b). These mod-
els predict that σbirth should be strongly correlated with
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the SFR. This correlation has been seen for the popu-
lation of massive, rotating galaxies observed at high z
(e.g., Swinbank et al. 2012; Wisnioski et al. 2015; Turner
et al. 2017; U¨bler et al. 2019).
While observational works infer disk settling through
population studies over redshift, simulators have ex-
amined the evolution of individual disks to trace the
evolution in σ over time (Kassin et al. 2014; Ceverino
et al. 2017; Hung et al. 2019). In all cases, cosmolog-
ical zoom simulations of individual disk galaxies show
a decrease in gas velocity dispersions since z ∼ 1.5,
consistent with observations. Kassin et al. (2014) used
four MW-mass simulations (one of which is used in this
paper) to demonstrate that individual simulated disks
show the same slope of gas velocity dispersion vs z as
observations, but they did not investigate the origin of
the trend. Likewise, Hung et al. (2019) attempted to
measure gas velocity dispersions in a way more directly
comparable to IFU measurements in a suite of cosmolog-
ical zoom disk simulations. While they find that changes
in the dispersion are temporally correlated with both
gas accretion onto the galaxy disks and the global SFR,
they were unable to draw conclusions about the cause
of this correlation. On the other hand, Ceverino et al.
(2017) examined the driver of σ with z. By running a
controlled experiment in which feedback was shut off for
a short time, Ceverino et al. (2017) found that gravita-
tional instabilities in a marginally stable disk set a floor
to the turbulence scale, but that feedback drives gas
dispersions higher than gravitational instabilities alone.
Simulations without feedback did not show the declin-
ing velocity dispersion with time. They suggest that the
decline is tied to the decreasing gas fractions, and hence
SFR, of the simulated disks with time.
In this paper, we use a high-resolution cosmological
zoom-in simulation to simultaneously investigate the de-
tailed kinematics of the present-day galaxy as well as
the galaxy’s kinematic evolution over cosmological time
scales. In fact, this simulation, h277,1 is one of the sim-
ulations studied by Kassin et al. (2014), and thus it has
already been shown that this specific galaxy matches
the observed trends of decreasing gas velocity disper-
sion with time. We focus on this particular galaxy as
it has many properties similar to the MW, including a
relatively quiescent merger history and structural pa-
rameters within 10% of the MW at z = 0 (Loebman
et al. 2014). The simulation tracks molecular hydrogen
abundances and cooling processes (Section 2) and thus
resolves a multi-phase ISM that allows the low σbirth of
young stars to be captured. In Section 3 we establish
1 We note that a version of h277 was also studied by House et al.
(2011). However, the version in this paper has twice the spatial
resolution, 8× the mass resolution, and includes an updated ISM
and star formation prescription as described in Christensen et al.
(2012).
that the AVR of h277 at z = 0 is nearly a perfect match
to the MW (Section 3.1). We investigate how σbirth
varies with radius and time in Sections 3.2 and 3.3, and
show that the same equilibrium model that matches the
settling of disk kinematics with z also matches the evo-
lution of σbirth in this individual galaxy (Section 3.4). In
Section 4, we first discuss the physical processes causing
h277 to match the MW’s AVR (Section 4.1), and then
highlight the numerical aspects of the simulation that
have allowed these processes to emerge (Section 4.2).
We conclude in Section 5.
2. THE SIMULATION
In this work, we use a cosmologically derived
(WMAP3, Spergel et al. 2003) Milky Way–mass galaxy
evolved for 13.7 Gyr using the parallel N–body+SPH
code Gasoline (Wadsley et al. 2004). The simula-
tion uses a redshift dependent cosmic UV background
(Haardt & Madau 2001) and realistic cooling and heat-
ing, including cooling from metal lines (Shen et al. 2010)
and H2 (Christensen et al. 2012). Feedback from super-
novae type II (SN II) is modeled using the “blastwave”
approach (Stinson et al. 2006) in which 1051 erg of
thermal energy is deposited per SN, and cooling is tem-
porarily disabled based on the local gas characteristics.
SN Ia thermal energy is also injected, but cooling is not
disabled. The probability of star formation is a func-
tion of the non-equilibrium H2 abundances (Christensen
et al. 2012). The result of tying the star formation to the
molecular hydrogen abundance is a greater concentra-
tion of the stellar feedback energy and the more efficient
generation of outflows. These outflows ensure that the
final galaxy has an appropriate rotation curve (Gover-
nato et al. 2012; Christensen et al. 2014), stellar mass
fraction (Munshi et al. 2013), metallicity (Christensen
et al. 2016), and HI properties (Brooks et al. 2017).
The galaxy we use, h277, is a part of the g14 suite of
simulations (Christensen et al. 2012), and has been stud-
ied extensively elsewhere in the literature (e.g., Loeb-
man et al. 2012, 2014), including a demonstration that
it has a realistic dwarf satellite population (Zolotov et al.
2012; Brooks & Zolotov 2014). This galaxy has a gravi-
tational force resolution of 173 pc and mass resolutions
of 1.3 × 105 M, 2.7 × 104 M, and 8.0 × 103 M for
the dark matter, gas, and stars, respectively. It also in-
cludes the large-scale environment by using the “zoom-
in” volume renormalization technique (Katz & White
1993) when creating the initial conditions.
The virialized halo at every step was identified using
Amiga’s Halo Finder (AHF; Gill et al. 2004; Knollmann
& Knebe 2009). AHF calculates Mvir as the total mass
within a sphere that encloses an overdensity (following
Bryan & Norman 1998) relative to the critical density
ρcrit(z). At redshift zero, h277 has a virial radius Rvir
of 227 kpc and Mvir of 6.8× 1011 M. Of this, 7% is in
gas, 6% is in stars, and 87% is in dark matter. A total
4 Bird et al.
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Figure 1. The vertical velocity dispersion as a function of
stellar age in the “solar neighborhood” of h277 (black line)
compared to the analogous AVR measurement in the Milky
Way (orange points, data from Casagrande et al. 2011).
The dark and light gray bands represents the 16− 84% and
5 − 95%, respectively, range of AVRs that would be found
in h277 after accounting for the sample size, age bias, and
measurement uncertainty of the re-calibrated GCS survey of
the local solar neighborhood. See text for details.
of 4.6×106 dark matter, 2.1×106 gas and 7.4×106 star
particles are within the virial radius at redshift zero.
The galaxy has a relatively quiescent merger history,
with the last major merger (3:1 halo mass ratio) oc-
curing at z ∼ 3. At the present day, h277 has an R-
band bulge to disk ratio of 0.33 (using Sunrise, Jonsson
2006), and maximum circular velocity of ∼235 km/s.
These structural parameters are within 10% of those
measured for the Milky Way.
3. RESULTS: THE PRESENT-DAY AVR
To analyze the present-day AVR of h277, we wish to
define a region that is solar neighborhood-like. Board-
man et al. (2020) showed that the scatter in radial gra-
dients of MW analogues is minimized if galaxies are
normalized by disk scale length, Rd. The best-fit ex-
ponential profile to the disk-dominated (R > 2.5 kpc)
stellar surface mass density yields Rd = 2.42 kpc. For
the Milky Way, Bovy & Rix (2013) find Rd = 2.15 kpc
for the disk mass surface density profile. The ratio of
these scale lengths is equivalent to the ratio of the cen-
tral radius of the simulated solar annulus to the MW
Galacto-centric solar radius, R. Adopting R = 8 kpc,
the simulated solar radius is R = 9 kpc and a so-
lar neighborhood-like annulus spans 8.0 < R/ kpc <
10.0. We calculate all velocity dispersions using the ro-
bust biweight midvariance estimator as implemented in
astropy2.
The present-day age-resolved stellar kinematics of
h277 reveal a clear AVR in the disk (|z| < 1 kpc) at
the scaled solar annulus (Figure 1). The youngest stars
are dynamically cold, with a vertical velocity dispersion
σz ∼ 8 km s−1, which is consistent with the cloud to
cloud velocity dispersion measured in molecular gas of
GMCs in the MW and nearby galactic disks (Stark &
Brand 1989; Wilson et al. 2011) and noteworthy for a
cosmological zoom-in simulation (see Section 4 for dis-
cussion). The velocity dispersion increases with age τ
for older stars; σz gradually increases to ∼ 30 km s−1 at
τ = 10 Gyr and then quickly rises to ∼ 80 km s−1 for
the oldest stars (black line).
While h277 was not designed to reproduce the MW,
the detailed measurements of the MW AVR offer an in-
formative context to interpret our findings. The intrin-
sic AVR of h277 (black line in Figure 1) is very similar
to the MW AVR, but the oldest stars (τ > 9 Gyr) are
significantly hotter than what is observed. However, di-
rect comparison of empirical results with the simulated
AVR, where all relevant data are known perfectly and
completely, can be misleading. The MW data are from
the local solar neighborhood, volume-complete Geneva
Copenhagen Survey (GCS; Nordstro¨m et al. 2004; Holm-
berg et al. 2009). We show the MW AVR (orange
points) using NGCS = 3168 stars of the irfm sample
with “good ages” of Casagrande et al. (2011), the lat-
est re-calibration of the GCS. Even these high-fidelity
data are not perfect: they have a known bias towards
younger stars (e.g., Nordstro¨m et al. 2004; Casagrande
et al. 2011), a mean relative age uncertainty of 28%,
and are a discrete sampling of the underlying age and
kinematic distribution (as NGCS  the number of stars
within the solar annulus). The simulation data must be
“degraded” with these sources of noise and bias in or-
der to perform a more legitimate comparison of the h277
and MW AVRs (see also Martig et al. 2014; Aumer et al.
2016).
The AVR of h277 is consistent with the MW AVR at
all ages after accounting for the measurement noise and
bias of the empirical data (grey shaded regions, Figure
1). The σz measured from mock surveys of the h277
solar annulus peak at just 25 to 40 km s−1 for the oldest
stars while maintaining < 10 km s−1 σz at τ < 1 Gyr
(gray bands in Figure 1). Each mock survey contains
NGCS stars randomly drawn from the solar annulus mid-
plane (8 < R < 10 kpc and |z| < 1 kpc); we then add
0.12 dex uncertainty in log τ (∼ 25% relative uncertainty
at τ = 4 Gyr) and generate the mock ages. Differences
2 σ(v) =
√
ζbiweight(v). When drawing from a normal distribu-
tion with known parameters, we found the biweight midvariance
to outperform the straightforward moment calculation at small
sample size (N < 20); the two methods are nearly indistinguish-
able for larger N (see Beers et al. 1990)
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Figure 2. The temporal evolution of the vertical velocity
dispersion, σz, for coeval stellar populations (or mono-age
populations, MAPs) found in the present-day solar annulus
(colored lines) and the star-forming gas reservoir (black line).
Line color corresponds to MAP age; darker colors represent
increasingly younger stellar populations (see legend). The
beginning of each line corresponds to the lookback time and
σz when a MAP formed. MAPs are born with the kinematics
of the gas reservoir at the time of their birth. Both “Upside-
Down” formation and dynamical heating play a significant
role in creating the present-day AVR. Older stellar popula-
tions are born dynamically hotter than younger ones, and σz
increases for all MAPs following their birth.
in the AVR measured from the intrinsic (black line) and
generated mock data (gray regions) are driven by the
intrinsic age distribution and the synthetic noise. The
intrinsic AVR is usually not at the median of the median
observed AVR. The intrinsic stellar age distribution at
the solar annulus midplane peaks at τ ∼ 7.5 Gyr. The
large difference between the black line and gray regions
for τ > 10 Gyr is due to the fact that age errors strongly
skew the distribution toward younger, and therefore dy-
namically colder stars. In a similar fashion, at τ = 4 Gyr
the errors introduce a bias toward older stars, causing
the gray band of possible observed AVRs to fall above
the intrinsic AVR.
As far as we can ascertain, h277 is the only cosmolog-
ical zoom-in simulation with a present-day AVR consis-
tent with the MW at the level found here across 13 Gyr
of evolution.
3.1. The origin of the AVR
We now investigate how the present-day AVR came
to be. Figure 2 shows the temporal evolution of σz
for several stellar cohorts that end the simulation in
the solar annulus. These cohorts are mono-age popula-
tions (MAPs); they contain stars born within a narrow
range of formation time (∆tform= 50 Myr).
3 The end
points of each evolutionary track represent the present-
day kinematics of each MAP, as encapsulated by the
AVR discussed above. In slight contrast to Figure 1, we
use all stars in the solar annulus, regardless of vertical
position, as height restrictions would introduce phase
correlations that can create a biased view of the veloc-
ity dispersion histories (Aumer et al. 2016). We track
the kinematic evolution of both the stellar MAPs (color-
coded lines) and the cold (< 1000K) gas (thin black line)
as function of lookback time (tlookback).
The kinematics of the star-forming gas reservoir regu-
late the assembly of the disk. At each formation epoch,
we calculate the σz of the star-forming gas reservoir us-
ing the cold gas (T < 1000 K) that is spatially coincident
with the MAP at birth; i.e., is within the annulus de-
fined by the inner quartile range of formation radius of
each MAP. The in-situ σz of MAPs at birth are nearly
equal to that of the cold gas. Stars clearly inherit the
kinematics of the gas from which they form. The star-
forming gas reservoir collapses and becomes dynamically
colder over time; σz decreases from ∼ 20 km s−1 nearly
10 Gyr ago to 7 km s−1 in the present-day. In turn,
progressively younger MAPs form with decreasing σz.
Bird et al. (2013) called this behavior “Upside-Down”
formation. It has been recognized in a wide range of re-
cent cosmological zoom-in simulations (e.g., Grand et al.
2016; Ma et al. 2017), but its role in disk kinematics over
the last 10 Gyr is still debated (see Section 4). Figure 2
qualitatively resembles Fig. 19 of Bird et al. (2013), but
in this simulation the birth values of σz are lower, espe-
cially at late times, and growth of σz by heating plays a
larger role (see section 4.2.3). The star-forming gas σz
decreases in an exponential fashion, dropping by a factor
of 2 from tlookback ∼ 10 Gyr to 6 Gyr but remains nearly
constant (∼ 7 km s−1) for tlookback < 4 Gyr. Upside-
Down formation establishes a correlation between the
formation time of a stellar population and its σz at birth
due to the evolving kinematics of star-forming gas reser-
voir.
Stellar populations experience dynamical heating after
birth; i.e., the present-day velocity dispersion is greater
than σbirth for each MAP (Figure 2). The heating rate
dσz/dt generally appears velocity-dependent; for each
MAP it is highest just after formation and decreases
with increasing σz. Gravitational scattering of the stars
due to encounters with a perturbing population, such
as midplane concentrated molecular clouds, would pro-
duce the general kinematic evolution seen here (Spitzer
& Schwarzschild 1951; Lacey 1984). Indeed, the shape
of the σz(tlookback) tracks are qualitatively similar to
those of MAPs in idealized dynamical heating exper-
iments (e.g., Aumer et al. 2016). We will investigate
3 We confirm that the measured σbirth does change for smaller
values of ∆tform, see Section 4.2.3
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Figure 3. The relationship between vertical kinematics at
birth and formation radius of MAPs found in the present-
day solar annulus. Points represent a MAP median forma-
tion radius and the velocity dispersion at birth; error-bars
indicate the interquartile range of Rbirth. MAPs with earlier
formation times (color-coding is identical to Figure 2) were
generally born at smaller formation radii and larger σbirth
than their younger counterparts.
the details of the dynamical heating mechanism(s) in
future work. Ultimately, it is clear that h277’s present-
day kinematics result from the detailed balance of the
collapsing star-forming gas reservoir and the dynamical
heating experienced by MAPs after birth.
3.2. Formation Radius and σbirth
Many of the stars currently at the solar cylinder were
not born there. Figure 3 shows that older stellar popu-
lations that end the simulation in the solar annulus were
born at smaller radii, Rbirth, compared to their younger
counterparts. The figure shows the velocity dispersion of
the MAP at birth, σbirth, as a function ofRbirth. There is
a clear trend for stars in the present-day solar neighbor-
hood: progressively younger MAPs were born at larger
Rbirth and smaller σbirth.
This is expected for two reasons. First, the trend in
age versus birth radius seen in Figure 3 is a clear sign of
inside-out disk growth in h277. The older stars formed
in a more centrally concentrated disk. Very few 10 Gyr
old stars were born in the solar annulus. The vast ma-
jority were born in the interior of the disk but are found
in the solar annulus at z = 0. Second, the decreas-
ing trend in σbirth with decreasing age is indicative of
disk settling. The oldest stars considered here have a
small median formation radius and large birth veloc-
ity dispersion (Rbirth, σbirth) = (∼ 4 kpc, 22 km s−1).
At the other extreme, the youngest stars born in the
solar annulus have the largest formation radii and are
amongst the dynamically coldest at birth (Rbirth, σbirth)
= (∼ 9 kpc, 7 km s−1).
Figure 3 shows that birth radius and birth kinematics
are correlated. Stars born at smaller (larger) galacto-
centric radii are kinematically hotter (colder) at birth.
The inside-out growth of the disk is directly coupled to
the disk cooling seen in Upside-Down evolution. Since
age and formation radius are correlated, birth velocity
dispersion is also strongly correlated with formation ra-
dius as the galaxy’s disk cools; i.e., as the galaxy grew
outwards, it also grew kinematically cooler. Thus, the
σbirth of a MAP can be a function of both Rbirth as well
as age.
3.3. SFR density and σbirth
In the bottom panel of Figure 4, we show how σbirth
varies as both a function of formation position and epoch
in the disk. Several patterns emerge. First, the typi-
cal σbirth in the disk increases with lookback time; i.e.,
“Upside-Down” formation occurs across the entire disk.
Second, σbirth has a negative large-scale radial gradient
over the last ∼ 10 Gyr; i.e., the outer disk is dynamically
colder than the inner disk at all times. Thus, the same
trends that were seen for solar annulus MAPs also hold
for the entire disk.
Figure 4 (bottom panel) also shows that the most dra-
matic evolution of σbirth occurs when combining both
the temporal and radial gradients, moving from the up-
per left to the bottom right of the panels. The greatest
discrepancy in σbirth is found when comparing older stel-
lar populations born in the inner disk with young stars
that formed in the outer disk. These trends manifest
themselves in the AVR of the solar neighborhood.
To make these radial profiles, we divide the disk
into a grid in (R, θ). Radial annuli are spaced 0.5 kpc
apart and further divided into 18 azimuthal bins (∆θ =
20◦). The velocity dispersion profiles shown here are
azimuthally-averaged within each annulus. In general,
these results are consistent with what one would find
by binning in radius only. In the outer disk, however,
warps from either satellite encounters (generally not ap-
plicable for h277 over the last 10 Gyr; Section 2) or gas
accretion (Rosˇkar et al. 2010) can change the mean ve-
locity of gas and stars on one side of the galaxy versus
the other, which would artificially increase the measured
dispersion if the annulus was taken as a whole. Further-
more, the Toomre stability criterion and many forms of
potential pressure support to the ISM act locally ; if the
gas is not well-mixed within an annulus or experiences a
much different gravitational potential (more likely in the
outer galaxy due to the significantly longer dynamical
time), then the velocity dispersion should be calculated
on more local scales.
The top panel of Figure 4 shows that the surface den-
sity of star formation, Σ˙?, varies with radius and look-
back time in the same qualitative fashion as σbirth. At
a specific lookback time, the inner disk has higher Σ˙?
than the outer disk, and Σ˙? generally decreases towards
the present-day. We find that the relationship between
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Figure 4. The star formation rate surface density (top)
and the velocity dispersion of stars at birth (bottom) as a
function of radius and time. We independently smooth each
radial profile to emphasize trends; pixel color corresponds to
the running mean value across 1.5 kpc in radius (3 pixels).
At a given epoch (row), Σ˙? is typically highest in the inner
galaxy and gradually decreases as the galactocentric radius
increases. At a fixed radius (column), Σ˙? is generally highest
at early times and decreases towards the present-day. The
radial and temporal gradients in σbirth are very similar. Both
σbirth and Σ˙? are strongly correlated at the local spatial scale
over much of the galaxy’s history.
Σ˙?(R, tlookback) and σbirth(R, tlookback) is strongly corre-
lated; this is visible in the nearly one-to-one color cor-
respondence between Σ˙? and σbirth. While the dynamic
range of each panel image is different, the color scale of
each panel is linear, and the different dynamic ranges of
each panel are suggestive of the slope of the relationship.
Strong correlation between a gaseous component veloc-
ity dispersion and Σ˙? is expected on theoretical grounds
when combining the Toomre stability criterion and the
Kennicut-Schmidt law (discussed further below) and has
been observed in star-forming galaxies (e.g., Yu et al.
2019). We find that Σ˙? correlates with σbirth at the
site of star formation and that this correlation exists
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Figure 5. Comparison of simulation measurements and
gravitational equilibrium-driven predictions for the evolu-
tion of σbirth. Points show the vertical velocity dispersion
of newly formed stars in an annulus at Rdisk as a function of
tlookback, colored by Rdisk. Rdisk is the radius that encloses
80% of ongoing star formation, and σbirth is measured within
an annulus at Rdisk ± 0.5 kpc. Rdisk increases towards the
present-day as the disk grows inside-out. The two black lines
are predictions for the evolution of σbirth assuming the disk is
marginally stable. See text for details. Both models predict
a disk settling process very similar to what is measured, sug-
gesting that the disk is continuously driven towards marginal
gravitational instability, which plays a strong role in govern-
ing the slow collapse of the star-forming gas reservoir (and
hence σbirth).
throughout the disk and for at least the past ∼ 10 Gyr
of evolution.
3.4. Disk Stability
We characterize the evolution of σbirth for the global
disk in Figure 5. Here, we define the radius of the star
forming disk, Rdisk, to be the radius that encloses 80%
of the ongoing star formation. We measure σbirth in an
annulus at Rdisk±0.5 kpc. The upside-down formation
of the disk is clearly seen as σbirth decreases towards the
present day (colored points). The velocity dispersion
of stars at birth decreases by a factor of ∼ 2.5 over
the last 10 Gyr, but much of that evolution occurred
early and σbirth(Rdisk) remains below 8 km s
−1 over the
past 5 Gyr. The disk also grows outward during this
time; Rdisk steadily increases as star-formation proceeds
further out in the in disk (represented by the colorbar
in Figure 5; see also Minchev et al. 2013). Empirically,
as h277 grows inside-out, it also grows upside-down.
The kinematic evolution of σbirth is in good agreement
with scaling arguments under the assumption that the
disk is in equilibrium, i.e.,, that the disk remains quasi-
stable as new gas accretes onto the galaxy to replace
gas lost to star-formation and outflows (e.g., Thomp-
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son et al. 2005; Krumholz et al. 2012; Dave´ et al. 2012;
Dekel & Mandelker 2014). If the gas component pro-
vides the dominant component to the midplane pressure,
the Toomre relation (Toomre 1964) of the star-forming
gas reservoir can be re-written as
σbirth/vcirc = ψfgasQ/
√
2 (1)
where vcirc is the rotation speed, Q is the Toomre pa-
rameter, ψ is a constant of order unity, and fgas is the
gas fraction (Genzel et al. 2011). The
√
2 factor stems
from the epicyclic frequency component of the Toomre
relation and our assumption of a flat, or nearly flat,
rotation curve. The quantity fgas is the fraction of the
overall mass in gas that contributes to the effective grav-
itational potential felt by the newly-forming stars.
We next demonstrate that σbirth(Rdisk) can be repro-
duced assuming a Toomre stable disk, with σbirth being
determined by the evolving gas fraction fgas. The cir-
cular velocity at Rdisk is nearly constant, varying less
than ∼ 10%, over the past 10 Gyr. The lines in Figure 5
are model predictions that assume a constant Qgas = 1
at Rdisk for all epochs. We compute fgas in two ways.
In the first model, fgas is calculated using the empirical
scaling (Tacconi et al. 2013)
fgas =
1
1 + (τdepl sSFR)−1
(2)
where the specific star formation rate sSFR= M˙?/M?
and M˙? is measured directly from the simulation as the
average SFR over the last 50 Myr and the gas deple-
tion time is modeled as τdepl = 1.5× (1 + z)α Gyr with
α = −1.0.4 Many empirical studies of resolved spec-
troscopy of disk galaxies use Equation 2 (e.g., Wisnioski
et al. 2015). Second, we compute the fraction of the
gravitational potential due to the gas surface density,
fgas =
Σgas
Σtot
∣∣∣∣
Rdisk
(3)
where Σtot(R) = v
2
circ/(piGR) is the total dynamical sur-
face density. The gas surface density is not for all gas,
just the fraction of the ISM that contributes to the ver-
tical midplane pressure felt by the newly forming stars
(e.g., Thompson et al. 2005; Krumholz et al. 2012). To
best track the mass of the ISM directly contributing to
star formation, we select all gas with a density higher
than 1 atoms cm−3. Here, fgas is evaluated at Rdisk.
We can rewrite Equation 1 as σbirth ∝ vcircfgasQ/C,
where C is a constant chosen to match the normalization
of σbirth(t). Figure 5 shows C = 2 when fgas is set by
the empirical high-z scaling (dashed line), and C = 0.4
when fgas is set by the dense gas surface density in the
4 α has been measured between −0.7 and −1.5 (Dave´ et al.
2012; Tacconi et al. 2013)
simulation (solid line). The evolving gas fraction largely
determines the shape of both lines as vcirc changes by
only ∼ 10%, and the Toomre Q parameter is assumed
constant (Q = 1).
Note that the recast marginal stability argument is not
a fit to the σbirth measurements, yet it predicts a disk
settling process very similar to what is measured. This
suggests that the disk is continuously driven towards
marginal gravitational instability, which plays a strong
role in governing the slow collapse of the star-forming
gas reservoir (and hence σbirth).
4. DISCUSSION
In this section we first discuss the key physical pro-
cesses that occur in the simulated galaxy that result in
the excellent match to the Milky Way’s AVR at z = 0.
We then compare to previous simulation work, and high-
light the key numerical achievements that have allowed
these physical processes to occur.
4.1. Matching the Milky Way’s AVR
We find (Figure 1) that the solar neighborhood AVR
measured in h277 is nearly identical to the AVR in the
solar neighborhood of the MW. This is true for stellar
populations that span more than 10 Gyr in age. The
primary physical process that allows h277 to match the
AVR over such a large age range is disk settling, or
upside-down formation, combined with inside-out disk
growth. We discuss below that the resulting σbirth(z)
is set by the fact that the stars in the disk are born in
equilibrium. Figure 2 also shows that stellar populations
are subsequently heated after birth, and that the veloc-
ity dispersion of the cold gas in h277 over the last few
Gyr prior to z = 0 is an excellent match to the observed
σ in star forming gas near the Sun. Below, we discuss
these factors that set the AVR.
4.1.1. Stars are Born in Equilibrium
We have shown that h277 exhibits both inside-out
and upside-down formation of disk stars. The inside-
out growth of galaxy disks is expected due to the fact
that the angular momentum of accreted gas increases
with decreasing z (e.g., White & Rees 1978; Fall & Efs-
tathiou 1980). Inside-out growth has been observation-
ally confirmed in relatively massive disk galaxies (e.g.,
Williams et al. 2009; Gogarten et al. 2010; Barnes et al.
2014; Frankel et al. 2019; Peterken et al. 2020). The the-
oretical explanation behind the upside-down formation
of disks has only more recently been explored, motivated
by the observations of kinematically hot disks at high z.
It has been shown that this evolution can be modeled
if the velocity dispersion of gas evolves according to the
gas fraction within a marginally stable disk (e.g., Wis-
nioski et al. 2015).
We find (section 3.3) that the velocity dispersion of
newly forming stars, σbirth, at any radial position in
The Stellar Age-Velocity Relation 9
the disk correlates with the star formation rate sur-
face density, Σ˙?, at that radius over the past 10 Gyr
(see Figure 4). This behavior is expected if a disk is
marginally stable, in dynamical equilibrium, and fol-
lows a Schmidt-Kennicutt relation (Schmidt 1959; Ken-
nicutt 1998) for star formation (e.g., Krumholz et al.
2012; Swinbank et al. 2012). The star formation pre-
scription adopted for this simulation ensures it follows
a Schmidt-Kennicutt relation (Christensen et al. 2012,
2014). It is also clear from Figure 2 that σbirth tracks the
velocity dispersion of the star forming gas, σcoldgas, and
σcoldgas should track the neutral gas velocity dispersion
σg to within a factor of two. If the disk has a constant
Qgas, σg ∝ Σg, where Σg is the surface density of the
neutral gas. Meanwhile, the Schmidt-Kennicutt rela-
tion requires Σ˙? ∝ Σ1.5g (Leroy et al. 2008)5. Putting
it all together, σbirth ∝ σg ∝ Σg ∝ Σ˙?1.5 for a stable
disk in equilibrium. Using the data from Figure 4, we
find σbirth ∝ Σ˙∼0.4? . This results suggests that σbirth is
governed by something more than a constant Qgas.
On the other hand, Figure 5 demonstrates that a
dynamical equilibrium model can reproduce the trends
seen in h277’s stellar populations at Rdisk. For a moder-
ately stable gas disk in equilibrium, the evolution shown
in Figure 5 is driven by the decline in gas fraction, fgas,
with decreasing z. Likewise, the evolution of the galac-
tic SFR in h277 nearly matches the qualitative evolution
in σbirth(Rdisk) seen in Figure 5. The SFR of h277 was
a factor of ∼ 4 − 5 higher ∼ 10 Gyr ago relative to the
current SFR (∼ 1 M/yr), decreased relatively quickly
to 1.5 M/yr nearly 5 Gyr ago, and showed little change
over the past 4 Gyr. Because we expect that the SFR
is tied to the abundance of fuel for star formation, i.e.,
fgas, it is not surprising that the SFR follows a similar
trend. The star formation history of h277 over the last
10 Gyr appears to be fairly consistent with star forma-
tion history (SFH) of the Milky Way (e.g., Snaith et al.
2015), which is likely another reason that the AVR of
h277 is a good match to the Milky Way’s AVR.
What component(s) of the disk are marginally stable?
The results in Figures 4 and 5 appear to be in tension at
first glance. If σbirth ∝ Σ˙∼0.4? from Figure 4, it suggests
that Qgas is not constant, and yet a constant Qgas = 1
appears to match the evolution in Figure 5. A resolution
can be had if the multi-component Qtot (e.g., Romeo &
Wiegert 2011), accounting for contributions from both
the gas and stars, is instead the conserved quantity and
if Qgas ∝ Qtot at Rdisk6. Cursory investigation suggests
that Qtot(R, τ) is the quantity that is relatively con-
served rather than Qgas across the disk and that the
gas and stellar components contribute approximately
5 There is substantial scatter in the Schmidt-Kennicutt relation
at small scales (Christensen et al. 2012; Orr et al. 2019a)
6 The relationship between Qgas and Qtot need not be linear
away from Rdisk
equally to local stability at Rdisk. We will investigate
the multi-component stability of the disk in detail in fu-
ture work. Resolved studies of local star-forming disk
galaxies (Romeo & Falstad 2013) and their simulated
counterparts (Orr et al. 2019a) also connect the kine-
matics of star-forming gas with multi-component stabil-
ity. Conservatively, we conclude a quasi-constant Qtot
is plausible and consistent with all of the results in this
manuscript.
Vertical hydrostatic equilibrium is a common as-
sumption in analysis of the ISM, and controlled, high-
resolution simulations show that equilibrium is quickly
established even with a wide range of initial conditions
(e.g., Koyama & Ostriker 2009; Kim et al. 2013). Con-
trolled simulation experiments have shown that galaxies
naturally regulate their star formation, striking a bal-
ance between the pressure support in the midplane and
the weight of the ISM, even when varying sub-grid
physics (e.g., Benincasa et al. 2016). In future work,
we will determine the local gravitational stability of the
disk and test the reasonable assumption that stars are
born from gas in hydrostatic equilibrium with the local
disk.
4.1.2. Heating/Radial Mixing
The formation radius of the stars has a big role to play
in σbirth, not just the time at which they formed. This
is because the galaxy is not only forming upside-down,
but inside-out. The effective radius of the disk (Rdisk,
the mass or light-weighted mean radius of newly formed
stars) moves outwards as the galaxy grows (Figure 5).
As we have just established, older stars are born at a
time when σbirth is higher, likely due to the higher fgas
of the disk while in marginally stable equilibrium, and
a higher SFR. For h277, the oldest stars contributing to
the AVR were also born at roughly half of the radius
of the solar neighborhood. Younger stars are born with
lower σbirth, and closer to the solar annulus.
As can be seen in Figure 4, even at z = 0 the inner
disk has a higher σbirth. Therefore, both a smaller for-
mation radius and older age contribute to higher σbirth.
As can be read from the bottom panel of Figure 4 (upper
left to lower right), this evolution leads to a maximizing
of the evolution of σbirth for stars that end up in the
solar neighborhood at z = 0. The radial dependence of
σbirth increases the difficulty of inferring the in-situ birth
kinematics of a stellar population given present-day ob-
servations. The dynamic range and distribution of σbirth
for stars at any present-day radius is influenced by both
σbirth(τ) and the history of stellar radial mixing away
from Rbirth specific to the galaxy of interest. How the
stars migrated away from their birth radii, whether by
changes in orbital angular momentum (e.g., Sellwood &
Binney 2002) or simple increases in orbital energy due to
gravitational scattering, does not alter this conclusion.
It is clear from Figure 2 that stellar populations in
the solar neighborhood at z = 0 have been heated af-
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ter birth. In-situ kinematics at birth account for nearly
half of the present-day velocity dispersion of each solar
neighborhood MAP (σbirth/σz ∼ 0.4, Figure 2)7. The
source of the heating is likely responsible for the radial
mixing as well. Although mergers have been shown to
heat the disk (Martig et al. 2014; Grand et al. 2016;
Buck et al. 2020), h277 has a very quiescent merger his-
tory over the past 10 Gyr, so mergers are unlikely to be
a major source of heating in this particular galaxy. We
note that Grand et al. (2016) found that a central bar is
one of the strongest factors in radial mixing, and h277
had a bar in its past. Also, as we discuss further below,
h277 is capable of resolving the cold, clumpy structure
of the ISM. It has long been suggested that scattering
of stars off molecular clouds could heat a stellar popu-
lation as it ages (Spitzer & Schwarzschild 1951). The
fact that the heating rate of the MAPs depends on ve-
locity (Figure 2) strongly suggests that GMC scattering
is occurring in h277.
Leaman et al. (2017) used a dwarf galaxy simulation
with identical physics to h277 to investigate the AVR in
the Wolf-Lundmark-Melotte (WLM) galaxy. They as-
sumed that σbirth was tied to the SFH (and hence fgas)
of WLM, again adopting an equilibrium model. They
showed that additional GMC heating after birth could
fully explain the stellar dynamics of the simulated dwarf,
which was an excellent match to the AVR of WLM. How-
ever, they concluded that σbirth plus GMC heating alone
is insufficient to explain the AVR in more massive disk
galaxies like the MW, and that additional heating by
mergers or bars is necessary. However, Leaman et al.
(2017) did not consider the impact of Rbirth on σbirth.
Our results suggest that the σbirth of old stars in the
present-day solar neighborhood is likely enhanced over
the global σbirth(τ) prediction due to their small Rbirth.
If so, additional heating from mergers would be unnec-
essary for stars younger than ∼ 10 Gyr. In contrast,
there have been recent claims that the detailed AVR of
the MW (for τ . 8 Gyr) can arise solely from steady
dynamical heating from giant molecular clouds and, op-
tionally, spiral waves, without the need for an evolving
σbirth (Ting et al. 2018; Mackereth et al. 2019).
We note that it is nearly impossible, based only on the
present-day vertical kinematics of these stars, to distin-
guish between a pure dynamical heating evolutionary
history and disk settling combined with heating. The
evolution of vertical energy (Ez ∼ σ2z) due to gravi-
tational orbit scattering is dEz/dt ∼ Σpert/Ez, where
Σpert is the surface density of the orbit perturbers (Bin-
ney & Tremaine 2008). The Ez dependence of the heat-
ing rate means that there is little difference, at a fixed
Σpert (typically the surface density of molecular clouds),
7 In fact, there is a small range in σbirth/σz ∼ [0.4, 0.5], with
the oldest stars having the lowest ratio and younger stars having
the highest ratio
in the present-day vertical energy of, e.g., a ∼ 7 Gyr
population with σbirth = 15 km s
−1 vs 7 km s−1. This
is because any increase in σbirth is largely negated by
a decreased heating rate. However, there is hope to
distinguish between these evolutionary tracks using the
shape of the velocity ellipsoid, σz/σr, (see, e.g., Mack-
ereth et al. 2019), which is more sensitive to the partic-
ular heating history (e.g., Jenkins & Binney 1990; Lacey
1984; Ida et al. 1993; Sellwood 2008). We will examine
the connection between the velocity ellipsoid and the
kinematic history of h277’s solar neighborhood stars in
a future work.
4.2. Comparison to Previous Work
As we have just discussed, it is the fact that σbirth de-
creases with decreasing redshift, combined with the fact
that the disk is growing inside-out, that is the primary
origin of the solar neighborhood AVR in h277. Subse-
quent heating also plays a role. Below we compare our
results from h277 to previous simulation results, and
establish that it is the simulation’s ability to produce
dynamically cold gas that allows both the upside-down
and inside-out growth to emerge.
4.2.1. Dynamically Cold Gas
To the best of our knowledge, this simulation is the
first cosmological zoom-in MW-mass simulation to re-
cover the low velocity dispersions of young stars in the
solar neighborhood at z = 0. In h277, stars forming
in the solar neighborhood over the last 3-4 Gyr before
z = 0 are born with exceptionally cold dynamics, with
a velocity dispersion as low as ∼ 6 km s−1. This veloc-
ity dispersion is consistent with the internal kinematics
of nearby molecular clouds in the MW (Stark & Brand
1989) and the average cloud-to-cloud velocity dispersion
of molecular gas in nearby disk galaxies (6.1±1.0 km s−1
Wilson et al. 2011). The ability to form stars with this
low dispersion is critical to matching the MW AVR, par-
ticularly for young stars.
h277 adopts the star formation recipe from Chris-
tensen et al. (2012), which explicitly follows the non-
equilibrium formation and destruction of H2, and re-
stricts star formation to occurring only in the presence
of H2. This restriction ensures that stars are born from
a much dynamically colder star-forming gas reservoir,
with low temperatures and at high densities (T < 1000
K, n > 100 atoms cm−3).
The non-equilibrium H2 recipe adopted here seems
to be the key to setting a low σbirth at the present
day. House et al. (2011) examine how σbirth varies with
star formation prescription, and find that a dispersion
“floor” is created if cold gas is not resolved (see also Mar-
tig et al. 2014). Likewise, Kumamoto et al. (2017) show
that as the threshold for star formation is decreased,
σbirth increases because the star forming region becomes
“thicker.”
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At higher star formation thresholds, and thus higher
σbirth, upside-down disk settling cannot occur because
the disk is born hot. This is seen in earlier works (House
et al. 2011; Martig et al. 2014) in which quiescent disks
are born with a constant (high) σbirth over the last 9-10
Gyr instead of cooling with time. Likewise, if the cold,
clumpy ISM isn’t resolved, then subsequent heating due
to GMC scattering is weakened. Even if GMC scattering
is present, the heating rate is diminished if the stellar
population is already born hotter, as discussed above.
Thus, it is the ability of h277 to capture this dynamically
cold gas that allows the primary processes that set the
AVR to emerge.
Kumamoto et al. (2017) studied the evolution of σbirth
in isolated, non-cosmological disk galaxies, and found
results very similar to those in h277. With their high
resolution, they were able to form stars at similar den-
sities as in h277 (n > 100 atoms cm−3), but even colder
temperatures (T < 100 K). The stars in their simulation
have σbirth as low as 3 km s
−1. As in h277, Kumamoto
et al. (2017) find that σbirth decreases in their simulated
galaxy as fgas decreases. Because they are able to resolve
the clumpy ISM, they also find that stellar populations
were heated after birth due to GMC scattering, and that
the rate of heating decreases with time as the amount
of dense gas decreases.
h277 appears to be the first cosmologically simulated
disk galaxy to reproduce the low σ values observed in
GMCs, allowing it to match the observed AVR in the
MW’s solar neighborhood. The results of Kumamoto
et al. (2017) may suggest that σbirth could be even lower
if lower temperatures could be used for star forming gas.
On the other hand, observationally σbirth seems to be ∼6
km s−1 (e.g., Stark & Brand 1989; Wilson et al. 2011)
rather than the 3 km s−1 found in Kumamoto et al.
(2017), so it is possible that something acts to keep the
dispersion “floor” closer to 6 km s−1 in real galaxies.
4.2.2. The Role of Feedback
h277 is not the first cosmological disk galaxy simula-
tion to form stars at high densities and low tempera-
tures, yet it seems to be the first with such a low σbirth.
For example, Sanderson et al. (2020) show the AVR
of simulated MW-mass disk galaxies from the FIRE-
2 suite, which forms star particles in self-gravitating
molecular gas that can self-shield, at n > 1000 atoms
cm−3. Despite this high star formation threshold, the
youngest stars in their simulations have a (total) veloc-
ity dispersion at least 20 km s−1 higher than young stars
in the MW. This suggests that some other factor may
influence σbirth in simulations, but that this factor is not
as dominant in h277.
Both observationally and theoretically, it has been
suggested that there is some threshold Σ˙? above which
supernovae are the dominant driver of turbulence (e.g.,
Agertz et al. 2009; Tamburro et al. 2009; Stilp et al.
2013). Stellar feedback and supernovae are implemented
very differently in FIRE-2 than in h277. h277 adopts the
“blastwave” SN feedback recipe of Stinson et al. (2006).
This model injects only thermal energy from supernovae
into neighboring gas particles, and disables cooling in
gas particles that are affected by SN II energy (SN Ia
are allowed to immediately cool). The disabled cooling
is designed to mimic the adiabatic expansion phase of
a supernova remnant, which is not otherwise resolved
by the simulation. In contrast, FIRE-2 does not disable
cooling, but implements a host of young star feedback
which is not accounted for in h277, e.g., photo-ionization
by young massive stars, momentum injection from stel-
lar winds, and radiation pressure on dust (Hopkins et al.
2018).
El-Badry et al. (2016) found that stars in FIRE are
able to form in gas that is outflowing due to feedback,
which is likely to impart a large σbirth. We do not see
this same effect in our simulations. Rather, the low
velocity dispersion of the star-forming gas establishes
a pressure “floor,” and new stars are born with simi-
larly low σ. The numerical implementation and sub-grid
physics of h277 do not artificially force the star-forming
gas to broader velocity distributions.
Given the computational cost of running this galaxy,
we have not explored the direct impact of our chosen
physics by re-simulating the galaxy with different feed-
back. However, we can speculate on how the feedback
impacts the results given previous work. Agertz et al.
(2013) explored the impact of varying feedback models
on the ISM in galaxies. They found that the model with
delayed cooling, similar to our blastwave model, can bet-
ter reproduce the star formation history of a galaxy rel-
ative to a model with more physically motivated feed-
back. While it tends to create more hot gas than other
models, in the outer disk it predicts a similar gas veloc-
ity dispersion. Thus, it is not immediately clear that our
velocity dispersion results would be different with a dif-
ferent choice of feedback model. On the other hand, the
results from FIRE-2 suggest that the choice of feedback
model can definitely play a role in σbirth.
While feedback in h277 may be injecting turbulent
energy that affects the gas dispersion, it appears that
it is not substantially boosting σbirth. The low SFR
over the last few Gyr prior to z = 0 may help to set
the dispersion at a constant, low level. We will explore
the role of feedback further in future work. Overall, an
equilibrium disk model combined with dynamically cold
star formation seems to be the key to setting the AVR
normalization in this simulation.
4.2.3. Other Factors that Impact Heating Results
The degree to which heating plays a role in shaping
the present-day AVR differs slightly from the results of
Bird et al. (2013). There, the birth velocity dispersion
always accounted for more than half of the present-day
value for each MAP, σbirth/σz ∼ [0.6, 0.7], with older
stars having a higher ratio than younger stars (see their
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Figure 19). As discussed above, their different star for-
mation threshold (T < 3 × 104 K, n > 5 atoms cm−3)
plays some role, but we have identified additional rea-
sons why our results differ.
Bird et al. (2013) examined a broader swath of the
disk (4 < R < 8 kpc). As we have seen in this work,
extending the inner regions to encompass the inner disk
will include hotter stellar populations. Here, rather than
adopt a fix radius to define the solar neighborhood, we
have scaled the solar neighborhood based on the relative
difference in scale length Rd of the simulated disk com-
pared to the MW. Boardman et al. (2020) showed that
the scatter in various radial properties of disk galaxies
is minimized when scaling by Rd, suggesting that this
scaling is the best way to directly compare to the MW’s
AVR.
Finally, we believe that the largest source of difference
in our results relative to Bird et al. (2013) is due to the
fact that Bird et al. identified MAPs with a much larger
age range. In this work, single stellar populations span a
very narrow range in formation time (∆tform = 50 Myr);
the specific formation time ranges are chosen such that
any MAP forms just prior to a recorded simulation out-
put (i.e., an epoch that was written to disk). The oldest
stars included in the σbirth measurements are therefore
50 Myr old, at maximum. In contrast, Bird et al. (2013)
define cohorts with ∆tform & 1 Gyr. Dynamical heat-
ing is typically strongest right after birth (see Figure 2).
Thus, the ∆tform used in Bird et al. is likely to have in-
creased σbirth from its true in-situ value. We note that
the main results of Bird et al. (2013) are not changed by
this realization; the in-situ kinematics of stars at birth
still evolved with formation time and had a significant
impact on the present-day kinematics of each cohort.
To ensure that the present analysis was not affected
in a similar manner, we experimented with even smaller
ranges of formation time and found no decrease in σbirth
for populations as young as 0.5 Myr. We are there-
fore confident that the σbirth values reported here truly
reflect the in-situ kinematics of each MAP, and that
we have accurately captured the subsequent heating of
these populations soon after birth.
4.3. Connection to High z Disks
The equilibrium disk model that we have shown re-
produces the evolution of σbirth for stars in h277 (Figure
5) has also been shown to reproduce the AVR in Local
Group galaxies (Leaman et al. 2017), as well as the evo-
lution in σ(z) seen in disk galaxies (e.g., Swinbank et al.
2012; Wisnioski et al. 2015; Turner et al. 2017; U¨bler
et al. 2019). This model tracks the midplane pressure,
which is correlated with Σ˙?. In this model, dependence
of σbirth on position (Figure 4) is expected at late times.
Observations of resolved, nearby galaxies find negative
radial gradients in both the atomic and molecular gas
velocity dispersion (Tamburro et al. 2009). At a fixed
epoch, σbirth should decrease with increasing radius if
the midplane surface density decreases with radius and
stars are born in hydrostatic equilibrium. Similarly,
σbirth should increase with z as fgas increases, and the
kinematics of newly forming stars is thus a function of
both position and time within the disk. This not only
has important implications for observations of resolved
stellar kinematics in the MW and local galaxies (Lea-
man et al. 2017), but also for the kinematic evolution of
disk galaxies out to z ∼ 2.
The observed decrease in the gas velocity dispersion of
disk galaxies with decreasing z has been dubbed “disk
settling.” Wisnioski et al. (2015) demonstrated that disk
settling could be explained within a model wherein the
velocity dispersion of gas evolves according to the gas
fraction within a stable disk. Upside-down growth is
consistent with disk settling and implies that it is an evo-
lutionary sequence traversed not just by the population,
but by individual galaxies as well. In fact, Kassin et al.
(2014) analyzed h277 (along with three other Milky
Way-mass galaxies run with the same physics) and found
that the global gas velocity dispersion, σg, in the simula-
tions decreases with time. They found that the slope of
the σg(z) evolution for the simulated galaxies is consis-
tent with observed evolution, though they were unable
to match the normalization of σg(z) due to the difficulty
of identifying gas in the simulations that is a proper
match to the star formation-heated gas that observers
use as a tracer. Despite showing that these galaxies
match the observed evolution, Kassin et al. (2014) did
not explore the origin of the evolution. The results in
this work explain the Kassin et al. result in light of the
same models applied to explain observed disk settling.
The settling of the disk in h277 appears to be strongly
linked to the evolving SFR balanced by the supply of
gas for star formation.
5. CONCLUSIONS
We find the solar neighborhood AVR measured in
h277 is nearly identical to that in the MW. To the best
of our knowledge, this is the first cosmological zoom-in
MW-mass simulation to recover the low velocity disper-
sions expected of molecular gas at z = 0, and stars in
the simulation are then born with these low dispersions.
The velocity dispersion of the star-forming gas in h277
is ∼ 6 km s−1 at z = 0 in the simulated solar neighbor-
hood (Figure 3). Typically, the velocity dispersion of
the star-forming gas reservoir stays > 10 km s−1 in cos-
mological zoom-in simulations, even of MW-like galaxies
(e.g., Rosˇkar et al. 2013; Bird et al. 2013; Minchev et al.
2013; Martig et al. 2014; Sanderson et al. 2020; Buck
et al. 2020). The detailed AVR arose self-consistently
from the formation and dynamical evolution of h277. It
is therefore interesting to analyze how the AVR came
about. Through a combination of upside-down and
inside-out formation, the resulting AVR yields an ex-
cellent match to the MW AVR for stellar populations
through > 10 Gyr old.
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There has been a lot of debate about the relative influ-
ence of dynamical evolution on stars in the solar neigh-
borhood. In this work, we examine the kinematics of
stars in the simulated solar neighborhood, including at
their birth and their subsequent evolution, in order to
understand how the present-day AVR of the solar neigh-
borhood came to be. In addition, we consider as a whole
the simulated galactic disk at high redshift. This anal-
ysis allows us to draw comparisons between the vertical
disk dynamics observed at z = 0 and observed dynamics
in MW proxies observed at high z.
Although this is just a single simulated galaxy, h277
has managed to reproduce a number of observed trends
in disk galaxy evolution. In this work, we have shown
• The radius of the star-forming disk in h277 grows
with time (inside-out, Figure 5), and σbirth de-
creases with time. At any given time, σbirth de-
pends on radius. At any given radius, σbirth de-
pends on time, consistent with an upside-down
formation in which the disk cools or settles with
time. Thus, σbirth is a function of both formation
time and formation radius within the disk, and is
strongly correlated with Σ˙? (Figure 4).
• The oldest stars in the solar neighborhood in h277
were born at smaller radii (Figure 3), but con-
tribute to the z = 0 AVR due to radial mixing.
On the other hand, the youngest stars in the so-
lar neighborhood tend to be born locally. Given
the dependence of σbirth on time and radius, radial
mixing tends to amplify the σbirth evolution with
age seen in the outer disk and specifically at the
solar neighborhood.
• Mono-age stellar populations are also kinemati-
cally heated after birth (Figure 2). While we have
not directly explored the origin of the heating in
this paper, the ability of this simulation to cap-
ture the clumpy ISM suggests that scattering off
of GMCs after birth contributes to the heating,
and this hypothesis is consistent with the mea-
sured heating rate. Given that h277 has a very
quiescent merger history, mergers are not likely to
play a role in this heating.
• One of the key criteria necessary to match the
MW’s observed AVR is the ability to form stars
with a low velocity dispersion, σbirth, in order to
match the low velocity dispersions seen in young
stars in the MW. This simulation follows the non-
equilibrium formation and destruction of molecu-
lar hydrogen H2 gas, and ensures that stars form
only in the presence of H2 (Christensen et al.
2012). Importantly, the stars are then born with
this low dispersion, and not prone to processes
that can introduce additional sources of disper-
sion at birth, such as star formation in outflowing
gas (El-Badry et al. 2016). The ability to model
cold gas velocity dispersions is also what allows the
upside-down disk formation, as well as subsequent
heating, to emerge.
• Not only does h277 match the local observations
of the Milky Way, but its evolution is also com-
pletely consistent with observations that show that
disks were kinematically hotter in the past and
have “settled” with time. We have shown that a
model that has been invoked to explain disk set-
tling (Wisnioski et al. 2015), in which the disk
evolves in quasi-equilibrium and the velocity dis-
persion of the gas is tied to the evolving gas frac-
tion inside disk galaxies, can match the evolution
of σbirth seen in h277 (Figure 5). Thus, the equi-
librium model can explain both the populations of
disk galaxies with time, and the evolution of this
individual galaxy.
h277 is just one simulation of a Milky Way-mass galaxy,
so it is not yet clear if the results will persist in addi-
tional simulations. However, Kassin et al. (2014) showed
that four simulated galaxies, including h277, matched
the declining gas velocity dispersion witnessed over time
in galaxy disks, suggesting that other galaxies may show
similar trends. In future work, we will explore a larger
range of merger histories to discover if the match to the
MW AVR can hold in a less quiescent galaxy.
The correlation between σbirth and Σ˙? across both
spatial position and time noted in this work (Figure 4)
is expected for galaxies on the star-forming main se-
quence and generically predicts upside-down disk for-
mation. Most theoretical models of star formation –
marginal gas disk stability including self-gravity consid-
erations (e.g., Toomre 1964), feedback driven turbulence
(e.g., Faucher-Gigue`re et al. 2013), and accretion pow-
ered turbulence (e.g., Krumholz et al. 2018) – ultimately
predict a correlation between gas velocity dispersion and
Σ˙?. If these models capture reality, the velocity disper-
sion of the star-forming gas reservoir will decrease with
time in a galaxy with a declining SFH, just as in h277.
If Σ˙? has a negative radial gradient, then σbirth will de-
crease with time even for an unchanging SFR. As the
galaxy grows inside-out, the characteristic radius of the
star-forming disk moves outwards to lower Σ˙? and thus
lower σbirth.
Additionally, we have shown in this work that a quasi-
stable model for h277’s disk can predict the evolution in
σbirth seen in the simulation, but we have not fully veri-
fied that the model describes the simulation’s underlying
physics. In a future work, we will test the equilibrium of
h277’s disk. We will also explore the heating mechanism
of stars after birth, and use the kinematics of simulated
stars (e.g., the shape of the velocity ellipsoid) to inter-
pret whether similar mechanisms might have been at
play in shaping the Milky Way’s AVR.
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